ABSTRACT Synthesis and storage of [3H]acetylcholine in isolated pieces of chick retina increased in two stages during embryogenesis. The first increase coincided with a 100-fold rise in the activity of choline acetyltransferase (acetyl-CoA:choline O-acetyltransferase, EC 2.3.1.6), but during the second increase the activity of this enzyme remained essentially constant. The second increase instead was linked to an a proximately 6-fold increase in the Vm.. for high-affinity uptake of choline.
The presence of a high-affinity uptake mechanism for choline in the chicken retina was recently described (1). This uptake system, which is localized to a small number of retinal cells, was found to be required for synthesis of acetylcholine (AcCho) in the intact retina. The present study concerns the development of AcCho synthesis and storage,* of choline acetyltransferase (CAT; acetyl-CoA:choline O-acetyltransferase, EC 2.3.1.6) activity, and of high-affinity uptake of choline. It was initiated in an effort to answer two questions. The first is whether maturation of these biochemical properties can be related to some landmark of morphogenesis such as the birth of cells (2) or the appearance of synapses (3) . The second question is whether there is a difference in the time course of development of high-affinity uptake of choline and that of CAT activity that might yield information about the relative importance of these two components in determining the rate of AcCho synthesis in the mature cholinergic system. Both components have been proposed as sites for controlling AcCho synthesis in the adult nervous system (refs. [4] [5] [6] [7] regarding the role of high-affinity uptake and refs. 8 and 9 regarding CAT). In the developing rat brain, depending on the region, the appearance of high-affinity choline uptake either precedes or parallels that of CAT activity (10, 11) . In the regions of the brain that have been studied, however, there are varying and often large projections of extrinsic fibers that arrive at different times during development. This overlap of extrinsic terminals with intrinsic cells complicates studies of developmental time courses (10) . The present study was carried out in the retina, which has no extrinsic inputs other than the centrifugal fibers (12) that are unlikely to be cholinergic (1) . Previous work on the development of the cholinergic system in the retina indicates that, although acetylcholinesterase activity increases steadily throughout embryogenesis, AcCho levels rise sharply just before hatching (13) . It also indicates that AcCho receptors, as revealed by a-bungarotoxin binding, increase steadily and then rise more quickly at hatching (14, 15 (16) . All dissections were performed in a salt solution bubbled with 5% CO2 in air.
Assay of CAT and Carnitine Acetyltransferase (AcetylCoA:Carnitine O-Acetyltransferase, EC 2.3.1.7). The retina, dissected free of pecten and pigment epithelium, was homogenized at 0O°40 for 2 min in 25 volumes of 0.5% (wt/vol) Triton X-100 containing 0.05% (wt/vol) bovine serum albumin (Sigma) and 10mM EDTA, and then it was centrifuged (1100 X g) for 10 min at 40. The supernatant was stored at -800 and assays were carried out within 10 days. Aliquots of the supernatant were taken for protein determination (17) . For determination of CAT activity in homogenates from 7-day or older embryos, the procedure of Fonnum (18) For assays of carnitine acetyltransferase, 10 mM DL-carnitine chloride was substituted for choline bromide. At the end of the incubation, the microtubes were cooled and 1 volume of electrophoresis buffer (formic acid/acetic acid/water, 4:16:80, vol/vol) was added to each tube. Aliquots of the samples were analyzed by high-voltage electrophoresis (22) . The labeled material was extracted from the paper with 1.8 ml of 0.01 M HCI and assayed for radioactivity in scintillation fluor [PCS (Amersham/Searle)/xylene, 2:1] . In a test with a homogenate from an adult chicken retina, this procedure gave enzymatic activities within 10% of those obtained with the procedure described in ref. 18 . All assays using naphthylvinylpyridine (NVP) (Calbiochem), an inhibitor of CAT, were carried out in a darkened room (23 saturated with CO2. The final NVP concentration in the incubation medium was 0.25 mM. Choline Uptake in Isolated Pieces of Retina. Pieces of retina (1.5 X 1.5 mm) dissected from the posterior pole were preincubated in 1 ml of choline-free medium with gentle shaking for 10 min at 37°. The medium consisted of salt solution supplemented with essential amino acids (GIBCO). The composition of the medium was (in mM): NaCl, 148; Tris base, 15; KH2PO4, 1; KHCO3, 4; MgSO4, 0.8; CaCl2, 1.8; and glucose, 11.2. The pH was adjusted to 7.6 by saturation with a C02/air mixture. Following the preincubation, the medium was removed and 1 ml of medium containing 0.5 ,uM [3H]choline (Amersham/Searle, 10.1 Ci/mmol) was added. After incubation, the tissue was briefly rinsed twice with choline-free medium, homogenized, and centrifuged as described (1) . Aliquots of the supernatant were taken for determination of protein (17) and of total radioactivity and [3H]AcCho content (1) .
Choline Uptake in Retinal Homogenates. The preparation of retinal homogenates was based on reported procedures (24) . Several retinas were dissociated, weighed, and then homogenized with seven strokes at 760 rpm in 10 volumes of 0.32 M sucrose at 0°-4°in a glass homogenizer with a motor-driven Teflon pestle (A. H. Thomas). The homogenate was centrifuged (1100 X g) for 5 min at 4°. The supernatant was then centrifuged (17,000 X g) for 15 min at 4°. The pellet, P2, was resuspended in the original volume of 0.32 M sucrose, recentrifuged for 5 min at 1100 X g, and the supernatant was used for the uptake experiment. An aliquot was taken for protein determination; normally the supernatant contained 1 mg of protein per ml. For uptake studies, aliquots of the supernatant were preincubated for 3 min in 10 volumes of a salt solution containing (in mM):NaCl, 125; KC1, 2.5; NaH2PO4, 2.6; Na2HPO4, 12.4; MgSO4, 1.2; glucose, 15; CaCl2, 1.2 (pH 7.4 at 37O). After the preincubation, another volume of salt solution was added containing [3H]choline (Amersham/Searle, 8.4 Ci/mmol) supplemented with the appropriate amount of unlabeled compound to reach the desired choline concentration. After 1 min of incubation the suspension was filtered on a Millipore filter (0.45 ,um) (4) and rinsed with 8 ml of cold salt solution. The filters were dissolved in 1 ml of ethylene glycol monoethyl ether (Fisher), 10 ml of PCS scintillation fluid was added, and the radioactivity was measured. Blank values from incubations without homogenate were subtracted. In a homogenate from an adult chicken, after 1 min of incubation with 0.5 ,uM [3H]-choline, 25% of the label was present as AcCho. As in the intact retina (1), the synthesis of AcCho was greatly reduced when hemicholinium-3 (HC-3) was present in the incubation medium or when NaCl was replaced with sucrose or LiCl. The uptake of choline was found to be proportional to the amount of protein present in the range ,tg of protein per incubation and was linear with time up to 1 min at concentrations of choline up to 300 1,M. Kinetic parameters of choline uptake were derived as described (1) .
RESULTS
CAT activity during retinal development The CAT activity of retinal homogenates was examined between embryonic day 5 and post-hatching day 60 (Fig. 1) . At day 5, the earliest developmental stage studied, the AcCho synthesizing activity was low but between days 6 and 11 it increased >100-fold, after which it increased slightly until hatching. After hatching another increase was observed and by day 60 post-hatching the activity reached 257 + 45 pmol/,tg of protein per hr. This value is comparable to that previously found for the adult chicken retina (25) . It has been reported that in some preparations a large fraction of the AcCho-synthesizing activity is attributable to carnitine acetyltransferase (26) . To evaluate the possible contribution of this or other acetylating enzymes to AcCho synthesis in retinal homogenates, three approaches were used. In the first series of experiments, the developmental time course of acetylcarnitine-synthesizing activity was determined and compared to that of AcCho-synthesizing activity (Fig. 1) . In contrast to choline acetylation, carnitine acetylation remained constant between embryonic days 5 and 9 and thereafter steadily rose to a value of 52.5 pmol/ytg of protein per hr at post-hatching day 60.
The second approach was to determine the kinetic parameters of choline acetylation as a function of choline concentration at several developmental stages. The approach was based on the observation that the kinetics of choline acetylation by carnitine acetyltransferase or other acetyltransferases differ from those of CAT (26, 27) . At all stages studied, choline acetylation was found to follow simple Michaelis-Menten kinetics. Fig. 2 is an Eadie-Hofstee plot of the rate of choline acetylation at embryonic days 6 and 13, before and after, respectively, the 100-fold rise in AcCho-synthesizing activity. The slopes of the two lines are nearly identical, indicating a similar Km for choline at both stages. The kinetic parameters for choline acetylation at embryonic days 6, 13, and 19 and post-hatching day 35 are summarized in Table 1 . At all stages, the Km for choline is approximately the same. In contrast, the Vmax follows the pattern of increase described for AcCho synthesis (Fig. 1) .
The third approach was to distinguish CAT activity from carnitine acetyltransferase activity pharmacologically through the use of NVP, a selective inhibitor of CAT (26) . On posthatching day 35, NVP inhibited choline acetylation by 95% as expected but had no effect on carnitine acetylation (Table 2) . Similar results were obtained with homogenates prepared at embryonic day 6. Thus, with respect to inhibition by NVP, the choline acetylating activity present at low levels on day 6 is indistinguishable from the higher activity present after hatching.
These three sets of results suggest that the AcCho-synthesizing (28) .
Kinetic parameters are given in Table 1. activity measured in retinal homogenates, including the low levels present early in development, can be accounted for by CAT.
Development of AcCho synthesis and storage
The development of CAT activity described above does not show an increase late-in embryogenesis that might explain the increase in endogeneous AcCho content reported to occur at day 19 (13) . The existence of such a late-occurring increase in AcCho content was corroborated in the present study by measuring [3H]AcCho synthesis and storage in pieces of retina incubated with 0.5 AM [3H]choline. Fig. 3 shows that the amount of [3H]AcCho synthesized and stored increased between embryonic days 7 and 10, remained on a plateau until day 13, and then began a new increase that, like the rise in AcCho content, peaked at day 19. The first increase, which was more obvious when a higher choline concentration was used (Fig. 3 inset) , coincided with the 100-fold rise in CAT activity.
To investigate the possibility that the increase in endogenous Each value is the mean + SD calculated with a linear least squares treatment assuming Michaelis-Menten kinetics (28) . Determinations were done in triplicate at five to six choline concentrations ranging from 0.56 to 48.6 mM for embryonic day 6 and 0.23 to 8.1 mM for the other days. AcCho content observed later in embryogenesis (13) might be related to the development of the high-affinity uptake mechanism for choline, the synthesis and storage of [3H]AcCho was measured at various embryonic stages after incubation with [3H]choline in the presence of HC-3. In the adult chicken retina, as in other tissues containing a cholinergic system, the highaffinity choline uptake system that is required for AcCho synthesis is blocked by HC-3 (1). As is shown in Fig. 3 , HC-3 had no significant effect on the amount of AcCho synthesized and stored up to day 13, the time at which the increase in CAT activity was essentially complete. By day 19, however, 70% of the AcCho synthesis was blocked. These results suggest that the late-occurring rise in AcCho levels might be associated with the high-affinity uptake system for choline. To test this possibility further, the kinetics of choline uptake were studied at various times during the development of this late-occurring rise in AcCho levels.
Choline uptake in retinal homogenates during development The kinetics of choline uptake were investigated in the resuspended P2 pellet from retinal homogenates. In Fig. 4 Rate of uptake/concentration, X 105 liters/mg protein mmin  FIG. 4 . Eadie-Hofstee plot of the velocity of choline uptake with respect to choline concentration in retinal homogenates from embryonic days 13 (A-A) and 19 (U----) and adult ( ----0). Choline concentrations from 0.05 to 300 MM were used in tbe experiment, but for clarity the graph only shows the range from 0.05 to 10 MM (0.1 to 10MuM for day 13). Each point is the mean ± SD of three determinations. Lines shown were calculated over the full concentration range with a nonlinear curve-fitting program on the assumption that two processes with Michaelis-Menten kinetics were present (1). Kinetic parameters are given in Table 3. of choline uptake in such homogenates from 13-and 19-day embryos and an adult chicken are presented on an EadieHofstee plot. In the low choline concentration range (0.05-3 ,tM), the rate of uptake in homogenates from the 13-day embryo was considerably smaller than that in homogenates from the 19-day embryo or the adult. Estimates of the kinetic parameters of choline uptake at each of these stages of development were derived by a nonlinear least squares analysis (1) and are given in Table 3 . The Km of the high-affinity uptake remained the same while the Vmax increased with increasing age. An independent estimate of the high-affinity uptake parameters was obtained by measuring the HC-3-sensitive choline uptake at low choline concentrations in retinal homogenates. The kinetic parameters derived (Table 3) are comparable to the high-affinity parameters obtained as described above.
An apparent increase in high-affinity uptake and AcCho synthesis at embryonic day 19 Each value is the mean ± SD of the Vmax (pmol/mg protein-min) and Km (MM). The subscripts H and L refer to the high-and lowaffinity components.
* A, parameters calculated as described in the legend for Fig. 4 . B, HC-3-sensitive uptake defined as uptake blocked in the presence of 10 MM HC-3 at 0.1, 0.3, 1.0, and 3.0 gM [3H] choline (uptake at higher concentrations was unaffected by HC-3); parameters calculated with a linear least squares treatment assuming MichaelisMenten kinetics (28) .
DISCUSSION
The most striking finding in the present study is that an increase in AcCho synthesis and storage occurs late in embryogenesis without a corresponding rise in CAT activity. The rise in AcCho synthesis and storage instead seemed to be correlated with an increase in the rate of high-affinity choline uptake, detected both by direct kinetic analysis and by measurement of HC-3-sensitive uptake of choline. Since the high-affinity uptake follows Michaelis-Menten kinetics throughout development, with the Km remaining approximately constant and the Vmax increasing approximately 6-fold, the simplest interpretation is that the increase in uptake is produced by an increase in the number of available uptake sites.t Such an increase could result from synthesis of new uptake sites or from unmasking of preexisting sites.
Comparison of the time course of biochemical development with that of retinal morphogenesis reveals that the initial increase in AcCho synthesis and storage coincides with the appearance of the inner plexiform layer (32) and that the second increase, which is correlated with the development of highaffinity choline uptake, parallels the appearance of synaptic specialization in the same layer (3). These observations are consistent with previous findings that suggest that a substantial part of the cholinergic system in the chicken retina is concentrated in the inner plexiform layer (1, 33) . The initial increase in CAT activity, which occurs soon after most of the cells have withdrawn from the cell cycle (2), appears to be an early expression of differentiation that precedes the morphological development of synaptic specialization. A similar increase in CAT activity occurring before morphological signs of synaptic specialization has been reported in developing spinal cord (34) and ciliary ganglion (35) of the chick.
Previous studies have suggested that neuronal activity may be important in the development of CAT activity (34, 35) and in the regulation of high-affinity uptake (6) . Interpretation of the present results in these terms is made difficult because little is known about the electrical activity of the chicken retina bet In the development of uptake of norepinephrine (30) , y-aminobutyric acid (31) , and choline (10) in rat brain, the modifications of the rate of high-affinity uptake also were associated with a change in the maximal rate of uptake and not with a change in the Michaelis constant. fore hatching. It seems likely, however, that spontaneous activity is low in the first 2 weeks of embryogenesis (36) . The electroretinogram reveals the first sign of a photoreceptor response on day 18 and, by the following day, just before hatching, it also reflects activity in other cells of the retina (37) . In the present case, the first increase in CAT activity probably is not linked to electrical activity, but the second increase, which occurs during the first week after hatching, may represent a slow response to neuronal activity. The rate of high-affinity choline uptake, on the other hand, peaks at about day 19 , just as the retina begins to respond to light. Thus, both high-affinity uptake and CAT activity may be influenced by changes in neuronal function, but the high-affinity uptake may respond more quickly, which is consistent with the suggestion that this process may be involved in short-term control of AcCho levels. The present results do not provide direct evidence that the level of AcCho is regulated by high-affinity choline uptake, but they do show that, given a constant level of CAT activity, high-affinity uptake can increase the rate of AcCho synthesis and storage by severalfold.
